Bacillus stearothermophilus reacted to pseudomonic acid-induced inhibition of isoleucine-transfer ribonucleic acid (RNA) acylation and to energy downshift caused by a-methylglucoside addition with accumulation of guanosine 3',5'-polyphosphates [(p)ppGpp] and restriction of RNA synthesis. In vitro studies indicated that (p)ppGpp was synthesized by two different enzymes. One enzyme, (p)ppGpp synthetase I, was present in the ribosomal fraction, required the addition of a ribosome-messenger RNA-transfer RNA complex for activation, and was inhibited by tetracycline and thiostrepton. It is suggested that (p)ppGpp synthetase I is comparable to the relA gene product from Escherichia coli and is responsible for (p)ppGpp accumulation during amino acid starvation. The other enzyme, (p)ppGpp synthetase II, was found in the high-speed sQpernatant fraction (S100). It functioned independently of ribosomes, transfer RNA, and messenger RNA and was not inhibited by the above-mentioned antibiotics. (p)ppGpp synthetase II is thought to be responsible for (p)ppGpp accumulation during carbon source downshift. The two enzymes differ in their Km values for adenosine triphosphate (ATP): 2 mM ATP for synthetase I and 0.05 mM ATP for synthetase II. They also have different molecular weights: apparent Mr of 86,000 (±5,000) for synthetase I and 74,000 (±5,000) for synthetase II.
Bacteria undergoing nutritional downshift sharply restrict RNA synthesis. This stringent control is apparently correlated with the accumulation of two unusual nucleotides, guanosine 3',5'-bis(diphosphate) (ppGpp) and guanosine 3'-diphsophate,5'-triphosphate (pppGpp). In relAU strains of Escherichia coli, amino acid starvation results in the accumulation of (p)ppGpp, whereas in reA mutants the level of (p)ppGpp remains low. Carbon source downshift, on the other hand, still leads to the accumulation of (p)ppGpp and restriction of RNA synthesis not only in reMA, but also in relA mutant strains (1, 4) . A number of studies have tried to explain this phenomenon by the relative rates of (p)ppGpp synthesis and degradation (4, 11) . For instance, it has been shown that carbon source downshift causes the inhibition of (p)ppGpp breakdown (2) . Although ATP seems to stimulate ppGpp degradation in vitro, a direct effect upon the (p)ppGpp-degrading enzyme could not be detected (6, 7) .
Recently, mutants of E. coli have been isolated that neither accumulate (p)ppGpp nor restrict RNA synthesis upon amino acid or glucose starvation (3 Isolation of (p)ppGpp synthetase I. Cells from midlog phase were suspended in 2.5 volumes of buffer (10 mM Tris-hydrochloride [pH 7.8], 10 mM magnesium acetate, 1 mM dithiothreitol, 2,ug of DNase per ml) and disrupted in an Aminco pressure cell at 16,000 lb/in2. The cell extract was centrifuged in a Sorvall SS34 rotor at 40,000 x g (18,000 rpm) for 30 min at 4°C to remove cell debris and in a Beckman 60 Ti rotor at 100,000 x g (40,000 rpm) for 3.5 h at 20C to pellet the ribosomes. The upper two-thirds of the supernatant fractions were carefully collected (S100). The ribosomal pellet was suspended in a small volume of water and used as a source for (p)ppGpp synthetase I. Ribosomes were extracted with buffer A [10 mM Tris-acetate (pH 7.8), 14 mM magnesium acetate, 60 mM potassium acetate, 5% (wt/vol) glycerol, 2 mM (ethylenedinitrilo)tetraacetic acid, 1 mM dithiothreitol, 0.5 M NH4Cl] by stirring overnight at 4°C. The suspension was centrifuged twice in a Beckman 60 Ti rotor for 2 h at 100,00 x g (40,000 rpm) at 20C to remove ribosomes. The supernatant fraction was precipitated by addition of 45 g of (NH4)2SO4 to 100 ml.
The precipitate was centrifuged and redissolved in buffer A containing 1 M NH4Cl and was then dialyzed against buffer A without NH4Cl. The resulting lowsalt precipitate was redissolved in buffer A with 1 M NH4C1; it is referred to as (p)ppGpp synthetase 1 (12) . Isolation of (p)ppGpp synthetase II was carried out according to published procedures (13 10 and 60 min), the reaction was stopped by adding 1 pl of 88% formic acid, and reaction products were analyzed on polyethyleneimine-cellulose sheets as indicated above. The methanol assay mixtures were incubated at 20°C for 3 to 8 h.
RESULTS
Stringent response in B. stearothermophilus in vivo. Little is known of the stringent response in B. stearothermophilus. Since, in contrast to E. coli, neither relaxed nor stringent strains of B. stearothermophilus have yet been isolated, informnation on the molecular basis of the stringent response can only be gained by analogy to the E. coli system. To study whether the stringent response in B. stearothermophilus is similar to that in E. coli, cultures were subjected to various starvation conditions known to trigger stringency in that bacterial species.
During normal growth at 600C, RNA synthesis and cell density increased exponentially, whereas (p)ppGpp remained at a basal level of 0.18 nmol per OD4w unit (Fig. 1) . In contrast, the antibiotic pseudonomic acid, an inhibitor of isoleucyl-tRNA synthetase (8), led to both the abrupt accumulation of (p)ppGpp and, simultaneously, a cessation of RNA synthesis (Fig. 1) . The amount of the two nucleotides synthesized was nearly the same: 3.4 and 3.6 umol of pppGpp per OD4m unit (data not shown). A similar stringent response was observed with the antibiotic granaticin, which inhibits leucyl-tRNA synthetase (10) . It therefore appears that the stringent response ofB. stearothermophilus, which is triggered by the lack of a charged tRNA, resembles amino acid starvation conditions in wild-type strains of E. coli. Figure 2 shows that in B. stearothermophilus the blocking of glucose uptake by addition of amethylglucoside (5, 9) also elicited a stringent response. Immediately after the energy downshift, ppGpp as the primary species was formed to a concentration of 0.83 nmol per OD4w unit, and RNA synthesis stopped (Fig. 2) . After a few minutes, the ppGpp level fell back to the basal value of 0.18 nmol per OD4w unit, but RNA synthesis remained blocked. This continued inhibition of RNA synthesis may have been due to a lack of phosphorylated nucleosides resulting from the energy downshift. When energy starvation was induced by addition of 2,4-dinitrophenol, again cessation of RNA production and accumulation of ppGpp occurred (data not shown). In principle, the stringent response of B. stearothermophilus to energy downshift appears to be comparable to that reported in E. coli strains, although the latter accumulate ppGpp much slower than B. stearothermophilus (4, 11) .
(p)ppGpp synthesis of B. stearothermophilus in vitro. The in vivo data suggest that synthesis of (p)ppGpp may be similar to that in E. coli. Indeed, the (p)ppGpp-synthesizing enzyme from B. stearothernophilus, like that from E. coli, was stimulated by addition of a ribosome-mRNA-uncharged tRNA complex (Table 1) . This enzyme, which is associated with the ribosomal fraction, is referred to as (p)ppGpp synthetase I (12) . In contrast to E. coli, (p)ppGpp synthetic activity was also found in the 100,000 x g supernatant fraction. This S100 enzyme, which functioned independently of ribosomes, mRNA, and uncharged tRNA, is designated (p)ppGpp synthetase II (12) . Both enzymes are ATP:GTP(GDP) pyrophosphotransferases (12); however, as indicated by the following experiments, they differ in their biochemical properties, strongly suggesting that in B. stearothermophilus (p)ppGpp is synthesized by two discrete pathways.
The two enzymes can be distinguished by their requirements for ribosomes, mRNA, and tRNA (see Table 1 ). Apparently only synthetase I is activated by the ribosome complex, thus resembling the reA gene product from E. coli. It differed from the E. coli enzyme only in preferring homologous ribosomes to E. coli ribosomes. Substitution of the ribosome complex by methanol resulted in the activation only of synthetase I, and not of synthetase II (Table 2) . Again, synthetase I behaves like its E. coli coun- terpart. Experiments with the antibiotics thiostrepton and tetracycline, known to interfere with the in vitro (p)ppGpp-synthesizing reaction in other bacterial species (12), blocked synthetase I but not synthetase II (Fig. 3) . When synthetase I was assayed in the methanol system, neither tetracycline nor thiostrepton was inhibitory (data not shown).
That synthetases I and I are two different enzymes was also supported by glycerol density centrifugation analysis (Fig. 4) . The molecular weight ofsynthetase I was estimated to be 86,000 (±5,000), and that ofsynthetase II was estimated to be 74,000 (±5,000).
The data presented so far indicate that (p)ppGpp synthetase I most likely is equivalent to the relA gene product of E. coli. In both species the codon-specific binding of uncharged tRNA to the ribosome is the signal mechanism for activation of the enzyme. Since uncharged tRNA evidently has no effect on synthetase II of B. stearotherrnophilus, it might be responsible for (p)ppGpp synthesis when there is a shortage of energy-rich compounds. When the activity of (p)ppGpp synthetase II was studied as a function of ATP concentration, optimal activity was found at 1 mM ATP (Fig. 5) FIG. 4 . Glycerol density gradient centrifugation of synthetases I and II. The enzymes, 500 1dl each of (p)ppGpp synthetase 1(172 mg/mi) and synthetase II (420 ptg/ml), were analyzed separately on linear glycerol gradients (10 to 30%, wt/vol) in 6 M urea-1 M NH4Cl-20 mM Tris-hydrochloride (pH 7.8)-2 mM dithiothreitol. Before centrifugation, synthetases I and II were dialyzed against 2 liters of gradient buffer containing 5% (wt/vol) glycerol. The marker proteins were bovine serum albumin (68,000), conalbumin (86,000), and gamma globulin (150,600). Centrifugation was carried out for 57 h at 38,000 rpm (200,000 x g) in a Beckman SW40 Ti rotor. The activity of (p)ppGpp synthetase II (0) was assayed directly in the nonribosomal system; (p)ppGpp synthetase I (0) was assayed in the methanol system after removing the urea by dialysis against 20 mM Tris-hydrochloride (pH 7.8)-2 mM dithiothreitol-1 M NH4Cl. A similar molecular weight was obtained when synthetase I was assayed in the ribosomal system (data not shown). declines, the allosteric site is disengaged and the catalytic center is derepressed. The findings that the intracellular ATP pool does not drop more than 30% under glucose depletion (4) and that other nucleotides such as CTP, UTP (data not shown), and ppApp (13) also inhibit synthetase II activity, however, may indicate that the regulation of this enzyme is even more complex.
Two (p)ppGpp-synthesizing enzymes have also been isolated from B. brevis (15) . One enzyme was found in the ribosomal fraction, and the other was found in the S100 fraction. Like B. stearothermophilus (p)ppGpp synthetase I, the ribosome-associated B. brevis counterpart was activated by the ribosome complex and inhibited by thiostrepton and tetracycline. B. brevis synthetase I, however, was not stimulated by methanol. Interestingly, synthetase I from B. stearothermophilus, B. brevis (15) , and Thermus thermophilus (I. Lienert, unpublished data) preferred the homologous ribosomes to E. coli ribosomes. Synthetase I and ribosomes from B. stearothermophilus and T. thermophilus were freely interchangeable, and E. coli synthetase I functioned equally well with ribosomes from either of the above-mentioned strains. The two synthetases found in B. stearothermophilus and B. brevis differ slightly in their molecular weights. B. brevis synthetase 1 (15) has a molecular weight of 76,000 (B. stearothermophilus, 86,000), and B. brevis synthetase II (15) has a molecular weight of 55,000 (B. stearothermophilus, 74,000). Again, in both species synthetase I is slightly larger than synthetase II. As noted by Sy (15) and confirmed by us, the relative amount of synthetase II is constant during the growth cycle, whereas that of synthetase I decreases at the end of logarithmic growth. It is therefore unlikely that synthetase II represents a cleavage product of synthetase I, since one would then expect the amount of (p)ppGpp synthetase II to increase in stationary cells.
